Background: Millions of people worldwide are drinking water with elevated arsenic concentrations. Epidemiologic studies, mainly cross-sectional in design, have suggested that arsenic in drinking water may affect pregnancy outcome and infant health. We assessed the association of arsenic exposure with adverse pregnancy outcomes and infant mortality in a prospective cohort study of pregnant women. Methods: A population-based, prospective cohort study of 2924 pregnant women was carried out during [2002][2003][2004] in Matlab, Bangladesh. Spontaneous abortion was evaluated in relation to urinary arsenic concentrations at gestational week 8. Stillbirth and infant mortality were evaluated in relation to the average of urinary arsenic concentrations measured at gestational weeks 8 and 30. Results: The odds ratio of spontaneous abortion was 1.4 (95% confidence interval ͓CI͔ ϭ 0.96 -2.2) among women with urine arsenic concentrations in the fifth quintile (249 -1253 g/L; median ϭ 382 g/L), compared with women in the first quintile (Ͻ33 g/L). There was no clear evidence of increased rates of stillbirth. The rate of infant mortality increased with increasing arsenic exposure: the hazard ratio was 5.0 (95% CI ϭ 1.4 -18) in the fifth quintile of maternal urinary arsenic concentrations (268 -2019 g/L; median ϭ 390 g/L), compared with the first quintile (Ͻ38 g/L).
A rsenic is widely distributed in the environment, and people are exposed mainly through well water and, to a lesser extent, through the food chain.
1,2 Many millions of people drink water with inorganic arsenic concentrations exceeding the World Health Organization guideline value of 10 g/L. [2] [3] [4] Arsenic is an established carcinogen and is also associated with a wide range of other chronic illnesses, such as diabetes, hypertension, and vascular diseases. 2, 5 Arsenic is known to readily cross the placental barrier. 6 Animal studies have found arsenic to be embryotoxic and teratogenic at high doses, 2, 7, 8 but results are difficult to extrapolate to humans because of major differences in kinetics and susceptibility. 2, 9 Also, a number of epidemiologic studies suggest that arsenic exposure via drinking water may affect early human development, but findings are mixed. 10, 11 Several studies have reported an association of arsenic exposure with spontaneous abortion and stillbirth, with about 2 to 3 times higher risks among women with high arsenic concentrations in their drinking water (Ͼ50 g/L). [12] [13] [14] [15] [16] Elevated neonatal and postneonatal mortality was observed during a period of high water arsenic concentration (800 g/L) in Chile compared with an area having essentially no arsenic in the drinking water. 17 A recent retrospective cohort study in Bangladesh found a weak association between arsenic exposure via drinking water and fetal loss, and a more clear association with infant mortality. 18 These inconsistent findings may be related to the fact that several of the studies used retrospective assessment of outcomes, which can be subject to recall bias. Also, exposure assessments were based mainly on measurements of arsenic concentrations in water, with no assessment of water consumption during pregnancy, and not all studies adjusted adequately for confounding factors.
The aim of the present study was to evaluate the associations of individual arsenic exposure (assessed by arsenic concentrations in urine during pregnancy) with spontaneous abortion, stillbirth, and infant mortality in a prospective cohort study of pregnant women with a wide range of arsenic exposure.
METHODS

Study Area
The study was carried out in the subdistrict of Matlab, Bangladesh, located 53 km southeast of the capital, Dhaka. The International Centre for Diarrheal Disease Research, Bangladesh (ICDDR,B) has been running a health and demographic surveillance system since 1966 in a population of about 220,000 in 142 villages of Matlab. The present study was conducted in half of the surveillance system area, where ICDDR,B provides health care to women of reproductive age and children less than 5 years of age. This area is divided into 4 administrative blocks, each with a population of about 25,000 -27,000. Each block has a subcenter clinic, where paramedical staff provide maternal and child care, including delivery services 24 hours a day. The clinics are supported by a hospital located at the Matlab Center. Data on vital statistics and selected child and maternal morbidity events are collected in monthly household visits by community health research workers.
Study Design and Participants
This prospective population-based cohort study was nested within a food and micronutrient supplementation trial-Maternal and Infant Nutrition Interventions, Matlab Study. The analysis was based on a cohort of pregnancies identified by the regular monthly home visits of the community health research workers. Urine-based pregnancy testing (ACON, United States) was offered to all women who reported that their menstrual period was at least 2 weeks overdue. Women with positive pregnancy tests were invited to provide the remaining urine sample for analysis of arsenic concentration. The urine samples were collected around gestational week 8 (median ϭ 8 weeks; mean ϭ 9 ͓standard deviation {SD} ϭ 3͔). Between February 2002 and January 2003, 2924 women donated urine samples for arsenic analysis in early gestation (Figure) . All women with a positive pregnancy test in early gestation were invited to visit their health center for evaluation of eligibility to enroll in the Maternal and Infant Nutrition Interventions, Matlab study. A woman was enrolled if the following eligibility criteria were met: the fetus was viable, with gestational age less than 14 weeks by ultrasound examination; the woman had no severe illness; and she consented to participate. An additional urine sample was collected in the late gestational period, around gestational week 30 (median ϭ 30.5 weeks; mean ϭ 30 ͓SD ϭ 2͔ weeks). In total, 1725 women had urine arsenic concentrations measured in both early and late gestation (Figure) .
Ethical Considerations
We were not able to inform women about the level of arsenic concentrations in their urine samples during pregnancy, as analyses were performed abroad and results were not available until after the end of pregnancy. However, a parallel study analyzed water arsenic concentrations in all tube-wells in the study area; based on these results, pumps were painted red if the water arsenic concentrations exceeded the national drinking water standard of 50 g/L, whereas the others were painted green. 19 Pregnant women, in particular, were advised to take water from the green tube-wells. In addition, several mitigation options (such as pond sand filter, rain-water harvesting, and various household filters) were provided to the arsenic-exposed families. 19 The pregnancy cohort study was approved by the ethical review committee of ICDDR,B and the Regional Ethical Committee at the Karolinska Institutet, Stockholm.
Exposure Assessment
Exposure was assessed by measuring the concentration of inorganic arsenic and its metabolites in urine, which provides a measure of the ongoing exposure to inorganic arsenic from all sources. The sum of inorganic arsenic and the methylated metabolites was measured by hydride generation atomic absorption spectroscopy. 20 To compensate for variation in the dilution of the urine (caused by variation in fluid intake, time of sampling, temperature, and physical activity), we adjusted the concentrations by specific gravity (to the average of 1.012 g/mL). Our group has previously reported the advantage of using specific gravity for adjustment over the commonly used creatinine adjustment in this study population. 21 Many of the studied women were malnourished, with very low urinary concentrations of creatinine at gestational week 8 (total range ϭ 0.10 -1.6 g/L; mean ϭ 0.57 g/L), 22 and so adjustment by creatinine would lead to variation in urine arsenic concentrations depending on nutritional status. Also, urinary creatinine has been found to be associated with urinary arsenic, which further disqualifies creatinine adjustment. 21 Details of exposure assessment have been described elsewhere. 20 The collected urine samples were transferred to arsenic-free 24-mL plastic bottles, immediately chilled with cooling blocks or refrigerator, and transported to Matlab hospital laboratory on the same day, where samples were stored frozen at Ϫ70°C. All samples were analyzed for arsenic concentrations at the Institute of Environmental Medicine, Karolinska Institutet, Sweden.
Pregnancy Outcomes
After diagnosis of pregnancy by urine pregnancy test during monthly household visits by health workers, women were advised to attend the subcenter clinic for an ultrasound examination to verify the pregnancy and its gestational age. Outcome information was then collected prospectively by a team especially recruited and trained. Pregnant women were personally interviewed each month to identify pregnancy outcomes (spontaneous abortion, induced abortion, stillbirth, live birth) and survival in infancy after the birth of the child. Spontaneous abortion was defined as unintended loss of the fetus in the first 28 weeks of gestation, as determined by the last reported menstrual period. Induced abortion was defined as intended loss of fetus in the first 28 weeks of gestation. Stillbirth was defined as birth of a dead fetus after 28 weeks of gestation. Live birth was defined as birth of a fetus with any sign of viability. Infant death was defined as the death of a live-born baby before 12 months of age.
Information on the cause of death was collected through the "verbal autopsy" method. Using a modified structured questionnaire developed by the World Health Organization, 23 interviews were conducted with the caretakers or relatives who had lived with the infant in the same household during the terminal stages of illness and death of the infant. A physician reviewed each verbal autopsy sheet and filled out death certificates based on the list of 3-character categories of the International Classification of Diseases version 10 (ICD10) codes, with notes of the points in favor of their diagnoses. We did not collect information on the types of stillbirth.
Covariates
Detailed information on women's age, gravidity, parity, education, and household assets were collected from the surveillance system databases and from interviews with the cohort participants. Gravidity was defined as number of pregnancies including the present one, and parity as the number of live or dead children before the current pregnancy. Educational status was assessed as number of years completed at school. Economic status was assessed by generating scores through principal-components analysis based on household assets, housing structure, land occupation, and income. These scores were then indexed into quintiles, where 1 represents the poorest and 5 the richest. 24 Last menstrual period date was determined by recall during the pregnancy-identification interview at the monthly household visit. Gestational age at pregnancy outcome was measured by subtracting the last menstrual period date from date of pregnancy outcome and was expressed in weeks. Season of birth was categorized as premonsoon (January-May), monsoon (June-September), and postmonsoon (OctoberDecember). In addition, information on the geographical location of the women's residence was obtained.
Women's weight and height were measured during the visit to health facilities at study enrollment (usually at gestational week 9). Weight was measured by electronic scales (SECA, Hamburg, Germany) with a precision of 100 g, and height was measured with locally made wooden scales with a precision of 0.1 cm. Body mass index (BMI) was calculated as weight (kg)/height (m) 2 .
Statistical Analysis
Logistic regression was used to analyze the association between arsenic exposure and spontaneous abortion and stillbirth. A time-to-event approach using Cox proportional hazards models was employed to determine the risk of infant death. We estimated odds ratios (ORs) or hazards ratios (HRs) with 95% confidence intervals (CIs) for each outcome in relation to urine arsenic concentrations.
Spontaneous abortion risk was evaluated in relation to urinary arsenic concentration in early gestation with the lowest quintile of arsenic exposure used as the reference category. We also analyzed associations by gestational age: Ͻ8, 8 -11, 12-15, 16 -19 , and Ն20 weeks of gestation. In this analysis we compared women who had less than the median and at least the median values of urinary arsenic concentrations at gestational week 8.
Stillbirth and infant mortality were assessed in relation to the average of 2 urinary arsenic concentrations measured at early and late gestation. To evaluate whether variation in arsenic exposure from early to late gestation had any effect on stillbirth and infant mortality, we stratified the exposure as low (Ͻ50 g/L) in both periods, low at gestational week 8 and high (Ն50 g/L) at gestational week 30, high at gestational week 8 and low at gestational week 30, and high in both periods.
Analyses of infant mortality were performed with all cases of infant death, as well as excluding those deaths that 2 test or a nonparametric test. Potential confounders, associated with exposure and outcome at P Ͻ 0.20 significance level, were identified, and those found to change the effect estimation by 5% or more were included in the multivariate model. We also included sociodemographic and biologically relevant covariates, associated with outcomes at P Ͻ 0.10 level, for adjustment in the final multivariate model, to check the robustness of the observed findings.
RESULTS
The 2924 pregnancies with data on arsenic in urine in early pregnancy resulted in 275 (9.4%) spontaneous abortions, 88 (3.0%) induced abortions, 52 (1.8%) stillbirths (late fetal loss), 2509 (85.8%) live births, and 98 infant deaths (39/1000 live births). The mean gestational week for spontaneous abortions was 13 (SD ϭ 6); for induced abortion, 11 (SD ϭ 5); for stillbirth, 37 (SD ϭ 5); and for live birth, 39 (SD ϭ 3) weeks. Table 1 presents background characteristics of the women as were associations of these characteristics with arsenic exposure and with spontaneous abortion. The mean age of women at the time of pregnancy outcome was 26.5 (SD ϭ 6) years. The mean years attending school was 5 (SD ϭ 4), and about one-third of the women were illiterate. None of them smoked or used alcohol. The median urinary arsenic concentration in gestational week 8 was 80 g/L (range ϭ 1-1253 g/L). The mean concentration was 154 g/L (SD ϭ 176).
Women with urine arsenic concentrations in the fifth quintile in early gestation had 44% increased risk of spontaneous abortion (OR ϭ 1.44 ͓95% CI ϭ 0.96 -2.15͔), in comparison with women who had arsenic concentrations in the first quintile (Table 2 ). In the stratified analyses of events occurring in gestational weeks Ͻ8 (n ϭ 31), 8 -11 (n ϭ 98), 12-15 (n ϭ 89), 16 -19 (n ϭ 37), and Ն20 (n ϭ 20), the ORs of spontaneous abortion risk among women with higher exposure levels (Ն80 g/L in early gestation) were 0.73 (95% CI ϭ 0.35-1.49), 1.19 (0.79 -1.78), 1.63 (1.06 -2.52), 0.86 (0.45-1.65), and 0.54 (0.22-1.37), respectively, in comparison with women exposed to lower urinary arsenic concentrations (less than median value).
Of the 1725 pregnancies for which urine arsenic concentrations at both gestational weeks 8 and 30 were available, 32 (1.8%) resulted in stillbirth and 44 (2.6%) in infant death. The mean gestational week was 38 (SD ϭ 3) for stillbirths and 39 (SD ϭ 2) for live births. The mean age of infant deaths was 34 (SD ϭ 66) days, with a median of 3 days. The median urinary arsenic concentrations at gestational week 30 was 82 g/L, the mean was 171 g/L (SD ϭ 217), and the range was 2-3384 g/L; the concentrations were significantly correlated with those in gestational week 8 (Spearman r ϭ 0.61). For the average of weeks 8 and 30, the median urinary arsenic concentration was 94 g/L and the mean was 163 g/L (SD ϭ 173) (range ϭ 5-2020 g/L). Although the cohort average exposure was similar in early and late pregnancy, there was a marked intraindividual variation in urine arsenic concentrations during pregnancy. Urinary arsenic concentrations decreased by at least 50 g/L between gestational weeks 8 and 30 for 198 women, whereas for 255 women the concentrations increased by at least 50 g/L. Table 3 presents associations of background factors with average arsenic concentration, and with stillbirth and infant mortality. The highest odds ratio for stillbirth (3.4 ͓0.92-13͔) was observed for women with average urinary arsenic in the range 134 -267 g/L (fourth quintile), in comparison with women who had arsenic concentrations below 38 g/L (first quintile) ( Table 4) . Dose-response associations were observed for infant mortality with arsenic exposure (quintiles of average arsenic concentrations in urine, P for linear trend ϭ 0.02). In comparison with women in the first quintile of urinary arsenic, the Of the 44 infant deaths, 15 were due to infections, 13 were the result of premature birth and/or impaired growth, 4 were due to maternal and/or obstetric complications, 2 were caused by congenital defects, and 2 had unspecified causes. In addition, 8 cases were related to birth asphyxia and accidents. When analyses excluded the 8 deaths due to birth asphyxia and accidents, the HR for infant mortality was about 5 times higher (HR ϭ 5.0 ͓1.4 -18͔) for women with average urinary arsenic concentrations at the fifth quintile (268 -2019 g/L) in comparison with women had average arsenic concentrations below 38 g/L (first quintile). A dose-response trend was observed for infant mortality (P value for linear trend ϭ 0.005) ( Table 5) .
We did not observe meaningful changes in the associations of arsenic with stillbirth and infant death when we stratified by exposure pattern, ie, low in both periods, low at 8 weeks and high at 30 weeks, high at 8 weeks and low at 30 weeks, and high in both periods (data not shown).
DISCUSSION
In this prospective cohort study of pregnancies with a wide range of exposure to arsenic, we observed a clear increase in infant mortality with increasing prenatal arsenic concentrations in mother's urine. However, there was little evidence of increased risks of spontaneous abortions or stillbirths; some odds ratios for these outcomes were elevated, but the confidence intervals were wide, and there was no clear evidence of dose-response relationships.
The strengths of this study include the prospective cohort study design with a relatively large sample size, pregnancies identified by urine test early in gestation, and individual exposure assessment based on urinary arsenic concentrations (which reflect exposure to inorganic arsenic from both water and food). Exposure assessment was conducted in both early and late pregnancy. The prospectively collected outcome data are a particular strength of the study design; most previous studies on arsenic and pregnancy outcomes have had to rely on recall of pregnancy outcomes. Adjustment was made for relevant covariates, including socioeconomic measures, seasonality, and nutritional status. Measurement errors were minimized by careful handling of urine samples from the field to the laboratory, intensive training of health workers, and a quality-assurance team checking a subsample of outcome and covariate data. We found little evidence of an association between arsenic exposure and risk of either spontaneous abortion or stillbirth. Although spontaneous abortions were identified more completely than in previous arsenic studies, 12, 15, 16, 18 the rate was still low in comparison with studies that meticulously identified early pregnancies. 25 Pregnancy identification based on reported missing of menstrual periods might exclude women who were not willing to disclose pregnancy at such an early stage and who subsequently had an abortion before the next visit. With pregnancy tests at 9 weeks of gestation, on the average, very early pregnancy losses are obviously missed. Many such early abortions are not identified by the women herself and, thus, are not likely to be reported in interviews later in time. Perhaps arsenic concentrations measured in the first trimester were not satisfactorily representing exposure in the second trimester. For stillbirth, the misclassification bias from failure to identify fresh stillbirths, arising purely from lack of quality intrapartum care, might also lead to dilution of the odds ratios.
We observed clear evidence of an association between arsenic exposure and infant mortality. Although the possibility of residual confounding cannot be ruled out completely, the observed dose-response gradient for infant mortality is supportive of a causal relationship. Arsenic exposure of the infants themselves was not measured directly in this study. Infants who are exclusively breastfed have low arsenic exposure, as very little arsenic is transferred to breast milk. 26 In the present study, approximately 70% of the deceased infants died within the first month, during which time about 80% of the infants were exclusively breast-fed. 27 Therefore, it is likely that the increased risk of dying in infancy was related to prenatal arsenic exposure. However, we did not measure other elements in drinking water, eg, manganese, which has been associated with infant mortality in Bangladesh. 28 The mechanisms for arsenic-induced fetal and infant mortality are not known. Arsenic may cause spontaneous abortions by defective implantation and zygote development, and also by aneuploidy. Meiotic anomalies, including spindle disruption and chromosomal misalignment leading to defective preimplantation development of zygotes, has been reported in arsenic-treated mice. 29 Arsenic may also cause spontaneous abortion by aberrant placental vasculogenesis and placental insufficiency, as shown in animals. 30 Several studies have reported that arsenic causes oxidative stress and perturbation of oxidative defense, 9,31 which may be associated with a wide range of reproductive problems through defective placentation and even pre-eclampsia in later pregnancy. 32 Arsenic may also alter immune function either by direct effects or by impaired fetal growth. Studies in Bangladesh, Chile, and Taiwan have previously reported a possible association of arsenic exposure with low birth weight. [33] [34] [35] In experimental studies, arsenic has been found to be an endocrine disruptor, 36 -38 and therefore, may modulate the effects of steroid receptors responsible for fetal programming on growth and immune function. Further studies are needed to evaluate whether arsenic affects human immune system and morbidity.
Epidemiologic studies of the effects of arsenic exposure through drinking water on reproductive outcomes and child health are scarce, and to our knowledge, no previous study has assessed individual exposure during pregnancy using a biologic marker of exposure. Therefore, it is difficult to compare the exposure range in the present study with that of earlier studies. Use of water arsenic concentration as exposure measures does not reflect exposure from multiple drinking water sources and also through food sources. There are increasing numbers of studies showing a rather high arsenic exposure by means of food in Bangladesh, probably corresponding to urinary arsenic concentrations of about 20 -50 g/L. 20, 39 An ecological study in Hungary indicated an increased occurrence of spontaneous abortions in relation to higher arsenic exposure through drinking water 13 ; however, the full report was not published. Two cross-sectional studies in Bangladesh, with retrospective measurement of outcome data, showed 2-to 3-fold increases in spontaneous abortions and stillbirths in women exposed to arsenic through tube-well water, with concentrations more than the local drinking water standard (Ն50 g/L). 12, 15 In contrast, a study that used outcome data collected by a food supplementation program reported an association of arsenic exposure (Ͼ50 g/L) with malformation (OR ϭ 1.005 per g/L water concentration ͓95% CI ϭ 1.001-1.010͔) but not with other negative pregnancy outcomes. 40 A cross-sectional study in West Bengal, India, found an association of high arsenic exposure during pregnancy (Ͼ200 g/L) with stillbirths (OR ϭ 6.1 ͓95% CI ϭ 1.5-24͔), but not with spontaneous abortions (1.0 ͓0.38 -2.7͔). 16 In a recent ecological study in Bangladesh, an increased risk of stillbirth (1.8 ͓1.1-2.9͔) was reported among women with arsenic content in tube-well water above the reference level (Ͼ10 g/L).
14 The present study did not find clear increases in poor pregnancy outcomes. In our earlier study of a historical cohort within the Matlab surveillance system that assessed exposure by arsenic concentrations in tube-well water, we found associations of high arsenic concentrations (Ͼ50 g/L) with fetal loss (relative risk (RR) ϭ 1.14 ͓95% CI ϭ 1.04 -1.25͔) and infant death (1.17 ͓1.03-1.32͔).
18 Furthermore, the dose-dependent association of arsenic exposure with infant mortality in the present study is in the same direction as the dose-response observed in the earlier retrospective study. In conclusion, we have found new evidence of a strong association of maternal arsenic exposure during pregnancy with infant mortality. The findings were robust even after adjustment for sociodemographic and biologically important covariates. However, unlike some previous studies, we found little evidence for increased risks of spontaneous abortion or stillbirth.
